Au-modified ZnO (Au/ZnO) nanoparticles (NPs) synthesized using bamboo cellulose template and calcination process were characterized using X-ray diffraction, field-emission scanning electron microscopy, and transmission electron microscopy. The gas-sensing performance of Au/ZnO NPs based sensors was also examined. The results indicated that the Au/ZnO NPs exhibited enhanced gas-sensing performance compared with that of pure ZnO. The response of the Au/ZnO NPs to 100 ppm ethanol (50) at 240°C was nearly 2.7 times higher than that to acetone (18.4) and approximately 12.5 times higher than that to benzene (4.1), carbon monoxide (1.6), hydrogen (1.6), and methane (1.8), respectively, which demonstrated their higher selectivity to ethanol versus other gases. This high response to ethanol could be attributed to the small size, Schottky barrier, and catalysis.
Introduction
In past decades, with increasing usage of various dangerous gases in many areas, a lot of efforts have been made for development of highly sensitive gas sensors in order to deal with security problems existing in environment, industry and daily life. The crucial works are exploring novel materials with excellent gas-sensing performance to meet these demands. Oxide semiconductor is a suitable material for gas sensor fabrication due to its low cost, physical and chemical stability, easy synthesis, environment-friendliness, high sensitivity and quick response-recovery. In recent years, a large number of preparation methods for highly sensitive oxides with particular morphologies, such as hydrothermal synthesis, sol-gel, thermal evaporation, chemical vapor deposition, flame spray pyrolysis have been developed [1] [2] [3] [4] . Gas-sensing properties of various semiconductor oxides, including ZnO, SnO 2 , TiO 2 , WO 3 , CuO, and Al 2 O 3 , were extensively investigated [5] [6] [7] [8] [9] [10] Among these * E-mail: liyan01898@163.com oxides, ZnO -a n-type semiconductor with a wide band gap of about 3.7 eV was considered as a very suitable material for gas-sensing due to its high gas-sensitivity, flexible morphology, lack of toxicity, low cost. It is well known that the properties mainly depend on the morphology, composition, and synthesis approach. Thus, many researches focused on adjusting morphology through various synthesis methods to improve gas-sensing capacity [11] [12] [13] . Since gas absorption capacity of sensor materials and the diffusion speed of gas molecules through the gaps between sensing particles are crucial factors for gas-sensing, numerous efforts have been made to prepare mesoporous morphologies with a large specific surface area or to decrease nanoparticle size as far as possible [14] [15] [16] . Templates were usually used to fabricate a variety of mesoporous nanostructures of ZnO for sensor applications. Jin et al. [17] reported a bead-like ZnO synthesized using multi-walled carbon nanotubes as template, which showed a very high response to NO 2 gas. Wang et al. [18] synthesized a CuO cage with excellent gas-sensing properties using metal-organic frameworks as template. In comparison, biological tissue, with numerous benefits of low cost, abundant availability, hierarchical structure, and environment-friendliness, is considered as an ideal template for fabrication of porous structures. Dong et al. [19] prepared a hierarchical biomorphic ZnO using eggshell membrane as the template. Prakash et al. [20] reported ZnO nanoparticles synthesized using albumen as a biotemplate agent, indicating their good gas-sensing properties. On the other hand, doping other metals into nanostructures is extensively used to improve gas-sensing performance. Li-modified ZnO NPs were reported and the gas-sensing property was investigated, indicating a high response (71.5) to 100 ppm methanol [21, 22] . Au as an excellent dopant has recently attracted much attention for oxide doping. Au particle functionalized ZnO was synthesized and indicated faster response-recovery speed and a higher response to benzene and toluene at 340°C [23] . Au functionalized porous ZnO was reported and the gas-sensing results revealed that the sensor based on this nanostructure exhibited an enhanced sensing performance towards several volatile organic compounds including n-butanol, ethanol, methanol, acetone and benzene [24] . However, it is still necessary to further develop novel fabrication methods for enhancement of gas-sensing performance in order to meet higher standards in sensor applications in various fields.
In this work, we report an Au-modified ZnO NPs synthesized using bamboo cellulose as a biotemplate. The gas-sensing performance of the sensor based on the as-prepared Au-modified ZnO has been investigated in detail. The sensor shows a high response (50) to 100 ppm ethanol at a relatively low working temperature (240°C).
Experimental

Materials and apparatus
Zinc acetate (Zn(CH 3 COO) 2 Fresh bamboo cellulose pole harvested from the local bamboo forest was firstly decorticated and then cut into small pieces with a length of one centimeter in a vertical rotor cutting mill, discarding the joint parts. The obtained small parts were smashed into cellulose powders with a diameter of 1000 µm, following a drying procedure at 80°C for 24 h. The powders were treated with a mixture solution of 5 % oxydol (w/w) and 5 % CH 4 COO at 80°C for 2 h. The resulting bleached fibers were treated three times with 2 % NaOH (w/w) solution at 80°C for 2 h to obtain the pretreated bamboo cellulose (TBC).
Powder X-ray diffraction (XRD) patterns were recorded on a DX-2000 X-ray diffractometer (Dandong Fang-Yuan Instrument Co., Ltd.) operating at 40 kV and 25 mA using a CuKα radiation source (λ = 0.154184 nm), scanning rate of 0.05°/s for 2θ values of 30°to 65°. The morphology and energy dispersive spectrum (EDS) of the samples was examined using a field-emission scanning electron microscopy (FE-SEM, Hitachi X-650).
The fabrication process of a sensors based on semiconductor oxide has been reported elsewhere [25] . The schematic diagram of a gas sensor has been shown in Fig. 1 . A dilute slurry composed of the as-prepared NPs and deionized water was coated onto an alumina tube with a diameter of 1 mm and a length of 6 mm, positioned with a pair of Au electrodes connecting Pt wires. A NiCr alloy coil winded around the tube was employed as a heater to control the operating temperature. Subsequently, the gas sensors were dried in the shade at room temperature for 24 h, then fastened in an aging apparatus at 120 mA for 24 h, following 180 mA for 3 h to get a quick heatertype ZnO gas sensor. The gas-sensing property was measured using a Chemical Gas Sensor-8, intelligent gas-sensing analysis system (Beijing Elite Tech Co., Ltd, China) at a constant room temperature (30°C) with a humidity (about 25 %). The gas sensitivity was defined as R = Ra/Rg, where Ra and Rg are the sensor resistance in air and in the target gas, respectively. The time taken by the sensor to achieve 90 % of the total resistance change was defined as the response time for adsorption and the recovery time for desorption. Time spent on diffusion to establish the equilibrium in the measuring chamber is often recorded as a part of the response time, but in fact, it cannot reflect a sensor response to an equilibrium gas. In order to eliminate this problem, we designed a rotatable device that was able to periodically change the sensor exposure to different measuring chambers which were full of equilibrium gas at different concentrations or air (Fig. 2) . A gas source with high concentration (5,000 to 20,000 ppm) was achieved by injection of a determined dosage of pure gas (or pure liquid) into a 3 L vessel and kept at 30°C for 5 h to achieve an equilibrium state. A certain amount of the gas source was extracted using an accurate injector and then respectively injected into different target gas (chambers 2, 4, 6, 8 and 10 shown in Fig. 2 ) to obtain different concentrations (ppm). 
Synthesis of Au/ZnO nanoparticles
A certain amount of TBC was completely soaked in 1 mol/L zinc acetate solution for 3 days. Subsequently the TBC was separated from the solution, then dried at 60°C and subjected to a calcination process at 700°C for 5 h to remove bamboo cellulose template in order to obtain ZnO nanoparticles (NPs). The as-synthesized ZnO NPs were added into auric chloride acid solution, meanwhile the pH was adjusted to 7.5 using sodium hydroxide solution. A certain amount of methanol was subsequently added into the mixture as a reducing agent. The reaction system was kept at 80°C under a mild stirring for 3 h to obtain the expected Au/ZnO NPs. Au-modification leads to an increase of the FWHM and a decrease of peak intensity, indicating the small crystallite size, which suggests an inhibition effect of Au-modification on the ZnO grains growth. Upon increasing the amount of Au, three characteristic peaks (1 1 1), (2 0 0) and (2 2 0) are clearly observed at 38.17°, 44.39°, and 64.68°, respectively, which correspond to face-centered cubic crystalline Au (JCPDS Card No. 04-0784). This finding indicates that Au exists as a metal crystal phase. Fig. 4 shows the Au-modification effect on the morphology of the Au/ZnO NPs. The overview photograph in Fig. 4a shows a bamboo cellulose-fiber-shaped nanostructure consisting of numerous nanoparticles with uniform diameter. There are a lot of nanopores existing in these nanoparticles, which favors the adsorption, desorption, and diffusion of target gases in the sensing material film, improving its sensing performance. The unmodified ZnO NPs (Fig. 4b) 
Results and discussion
XRD and FE-SEM analysis
Gas-sensing performance
Gas-sensing selectivity is one of the most important properties of gas sensors. Fig. 6 illustrates the gas-sensing response of ZnO and the Au(7 at.%)/ZnO to 100 ppm of different gases including C 2 H 6 O, C 3 H 6 O, C 6 H 6 , CH 4 , CO, and H 2 . It can be seen that the responses of the Au(7 at.%)/ZnO to the mentioned target gases is higher than that of pure ZnO. The response of the Au(7 at.%)/ZnO based sensor (49.91) to ethanol is 3.2 times higher than that of the pure ZnO. Moreover, the Au(7 at.%)/ZnO based sensor has the highest response to ethanol among all test gases, indicating a higher selectivity to ethanol than to the other gases. It is well known that oxygen species (O − and O of a material when ZnO is exposed to air. The oxygen species react with the gases the sensors are exposed to and the resistance of ZnO is changing. For the ZnO material, the chemical-sensing mechanism of ethanol gas is related to its adsorption and/or oxidation of ethanol molecules. The reaction equations are depicted as follows: Fig . 7 illustrates the responses of Au/ZnO NPs with different Au contents as a function of working temperature from room temperature to 420°C. It can be seen that the sensing responses of all samples increase and then decrease with operation temperature. It is well known that the gas-sensing process of a semiconductor material involves the adsorption and desorption of gases, and reaction of the adsorbed gases on the surface-active sites of the materials. Sufficient thermal energy across the activation energy barrier is essential for chemisorption and reaction between the gases adsorbed on the surface of the materials. The amount of chemicallyadsorbed gas molecules increases with an increase of operating temperature, and the higher sensing response is obtained. However, as the operating temperature further increases, desorption process becomes dominant, resulting in the decrease of the response. The optimum operating temperature at which the response reaches the highest value is ca. 240, 300, and 360°C for Au/ZnO modified with Au contents of 5 at.%, and 7 at.%, 1 at.% and 3 at.%, and 0 at.%, respectively. We have noted that the response of Au/ZnO NPs increases with increasing Au content. The Au(7 at.%)/ZnO based sensor shows the highest response to 50 ppm ethanol and the lowest working temperature (240°C) among all samples. The reliability of semiconductor oxide sensor is another crucial factor to evaluate its gas-sensing performance. The cycle test of the gas-sensing was carried out for the Au/ZnO sensor and the result is shown in Fig. 9 . It reveals that the response of the sensor to 100 ppm ethanol has no decay, indicating high repeatability and aging performance, even if it was exposed to ethanol vapor for several days, which indicates promising detection applications. Herein, Au-modification effects on the response can be explained by Schottky barrier [26] and catalysis [27] . The improvement in the response of the Au/ZnO NPs after Au decoration can be attributed to the electronic and sensitization effects induced by the Au NPs along with the enhancement in resistivity resulting from the formation of heterojunction barrier at the Au/ZnO interface. Since the work function of ZnO (5.2 eV) is slightly higher than that of Au (5.1 eV), the electrons flow from Au to ZnO, establishing a Schottky barrier at the Au/ZnO interface. The electronic sensitization revolves around the formation of electron depletion zones around the metal oxide-noble metal interface and attributes the enhancement in the response to the modulation of the Schottky barrier [1] . Furthermore, the physical/catalytic effects of Au NPs widen the electron depletion in air [28] . Thus, the two aspects actually enhanced the selectivity and response of the sensor to ethanol.
Conclusions
In summary, Au-modified ZnO NPs were synthesized using bamboo cellulose fibers as a template. The SEM results revealed that the Au/ZnO NPs have a diameter of ∼50 nm and a hexagonal morphology modified by many Au NPs of several nanometers in diameter. The Au/ZnO NPs based sensor has a fast response and recovery speed, and an excellent reliability for detecting ethanol gas at a relative low working temperature. It seems to be very promising in practical application.
